Abstract-High temperature superconductor (HTS) is becoming more and more attractive for high field magnets. To charge the HTS magnets and operate them in persistent current mode, a persistent current switch (PCS) is necessary. This paper will focus on how to build a fast persistent current switch which can present a large resistance and with short recovery time. Impacting factors and strategy to control the PCS are discussed. An experimental system is built and tests are carried out to verify the practicality of the proposed PCS.
I. INTRODUCTION

H
IGH temperature superconductor (HTS) is becoming more and more attractive for high field use since it has a much higher upper critical field than low temperature superconductor [1] . Additionally, HTS tape can be manufactured in long length, which means HTS coils can be suitable for magnet usage [2] , [3] . HTS coil operating in persistent current mode can maintain a stable field for a long time, avoiding the loss caused by current leads [4] , [5] . To operate HTS magnet coils in persistent current mode, it is effective to develop a persistent current switch (PCS), which can be applied in Magnetic Resonance Imaging [6] , Nuclear Magnetic Resonance or flux pump. The PCS is usually connected in parallel with the power source and the magnet coils. The magnets coils can be energized by the dc power source when the PCS present resistance. After the charging process, the PCS can short-circuit the dc power source by returning to the superconducting state. Then the current in the system of magnet coils and PCS can remain steady for a long time. Hence, the PCS is a key component for superconducting magnets to operate in persistent current mode.
The PCSs usually rely on the transitions of the superconductor between the superconducting state (zero-resistance state) and the normal state. According to methods used to trigger the transitions, the PCSs can mainly be classified into three types: thermally controlled PCSs [7] , [8] , PCSs controlled by current [9] , and PCSs controlled by magnetic field [10] - [12] . Thermally controlled PCSs switch off by heating the superconductor above its critical temperature. This type of switch can achieve a high resistance, but the switching process usually last several seconds at least, which is too long for the magnets needing fast switches [8] . As for the PCSs controlled by current, normally current pulses exceeding the critical current of the superconductors are applied. However, one drawback of this type of switches is that degradation appears in superconductors after current pulses and the recovery time is too long [13] . PCSs controlled by magnetic field operate by applying a magnetic field to drive the superconductor resistive. Previously, a high dc magnetic field is applied to reduce the critical current of the superconductor and force the superconductor to show resistance at relatively small transport current. However, the performance of PCS controlled by dc field is very sensitive to the changing rate of applying the dc field [14] . The AC field controlled PCS, which enables fast-off and faston switching, is reported in [12] , where the PCS has to be driven at the radio frequency. In [10] , [15] , we proposed a small prototype of a fast switch, which can present resistance at normal frequency and has very short response time. Under the circumstance, it is necessary to develop a novel PCS which can solve the above problems and still maintain function of fast switching as well.
In this paper, we have developed a novel PCS relying on alternating magnetic field at normal frequency, which is generated by copper coils wounded around the iron core. The novel PCS cannot only retain the positive features of above PCSs but also take advantage of the applied magnetic field efficiently. In addition, the concentric design of the structure can potentially increase the resistance of the PCS greatly by utilizing superconductor tape in great length.
II. DEVELOPMENT OF A PERSISTENT CURRENT SWITCH
A. Structure Design of the PCS
The PCS, which is applied in the dc circuit, is composed of three parts: iron cores, copper coils, and a superconductor tape, as shown in Fig. 1 .
The iron cores are made up of two sections: the inner iron core which, separately, holds the copper coil at the bottom and the superconducting tape at the top, and the outer iron core is a hollow cylinder one. The inner iron core, together with the outer iron, can provide a complete path for the magnetic field so that the magnetic field can be applied to the superconductor tape perpendicularly.
The copper coil, wound at the bottom of the inner iron core and powered by an AC circuit, is used for generating a homogeneous magnetic field.
The superconductor tape is connected in series to outside dc circuits. The direct current will pass the PCS though Points A and B. The resistance of the PCS due to the applied AC magnetic field can help to charge the magnets or shut down the outside circuits.
It should be noted that the method to wind the superconductor tape around the inner iron core really does matter. Winding one superconductor tape directly around the iron core should be avoided, because it could result in large voltage induced by the copper coil. Hence, the superconductor tape must be wound in the bifilar manner, as shown in Fig. 2 . Specifically, two superconductor tapes I and II should be soldered together at one end by the low temperature melting solder and be fixed by the Kapton insulation tape. After that, the two superconductor tapes soldered together should be tightly wound in parallel around the inner iron core. When electrical current is driven through the superconductor tape, the current flowing in tape I and tape II will be the equal in magnitude and opposite in direction. Under the situation, the two superconductor tapes can cancel each either's voltage induced from the copper coil. The testing results in Part III have shown that the induced voltage has been totally removed by winding superconductor tapes in this kind of bifilar manner.
B. Working Principle of the PCS
The novel PCS mainly takes advantage of the dynamic resistance or the flux motion resistance [16] - [20] . The above two types of resistance can appear when direct current is transported in the type II superconductors subjected to a perpendicular alternating magnetic field. No quench occurs in the superconductive tape during the whole process. Hence, the resistance will disappear nearly immediately when the applied alternating magnetic field is removed.
From a microscopic perspective, the applied alternating magnetic field could cause a net flux flow from one side of the superconductor to the other, by the way of redistributing the vortices inside the sample. The redistribution of the vortices, correspondingly, can have an impact on the dc transport current in the superconductor and the impact can be considered as the dynamic resistance [17] . The dynamic resistance can serve as the off-switching resistance of the PCS. Oomen [19] has proposed a mathematical calculation method of the dynamic resistance in a slab like superconductor, as follows:
Where 2a is the width of the superconductor slab under the applied ac magnetic field, l is the length of the superconductor slab, f is the frequency of the applied ac magnetic field, B a is the magnitude of the applied field and B a,th is the magnitude of the field that could full penetrate the superconductor. To be specific, the PCS should meet the following criteria: (a) sufficiently low resistance throughout the "on" state; (b) sufficiently large resistance during the "off" state; (c) fast transfer between the "on" state and the "off" state.
During the "on" state, there is no current in the copper coil. Hence, the dc transport current flowing through the superconductor coil is free from the perpendicular homogenous applied magnetic field, which means the B a in 1 is zero and the PCS shows nearly zero resistance correspondingly.
To turn off the switch, the copper coil is powered by the ac current and generates a homogenous ac magnetic field perpendicular to the superconductor tapes in the PCS. Consequently, the flux flow is trigger. If the frequency or the magnitude of the applied field is large enough, the PCS will show a high resistance which shuts off the circuit.
C. Experimental System
Tests and measurements were carried out in the experimental system as shown in Fig. 3 . The superconductor tape, tightly wound around the inner iron core, is 3.3 meters long SuperOx 6 mm width YBCO tape. The tape was connected to a dc current supply. The voltage taps are wound alongside the superconductor tape in order to minimize the voltage induced by copper coil. Specification for the superconductor tape and the iron cores are shown in Table I . The copper coil was powered by a Europower amplifier which was controlled by a LabVIEW program. The whole system was merged in liquid nitrogen bath, working at 77 K. A NI-PCIe 6221 DAQ card was used to acquire the digital signal, with a sampling rate of 20 K. The alternating current flowing in the copper coil could generate a sinewave magnetic field of 0-100 mT amplitude, which goes through the inner iron cores, outer iron cores and the gaps between them. As soon as the magnetic field is applied, the superconductor tape, if carrying direct current, will exhibit resistance due to flux flow, thus switching "off" the PCS. After the current in the copper coil is removed, the tape will go back to superconducting state again. Therefore, the PCS exhibits zero resistance and operates in the on-state. Specifications of the coil and the PCS are shown in Table I .
III. RESULTS AND DISCUSSION
A. Homogenous Magnetic Field
Two hall sensors were placed at Point A and B to measure whether the distribution of the applied field is uniform in the system shown in Fig. 3 . Table II. shows the test results under the AC at the frequency of 5 hz and 100 hz respectively. It can be easily seen that the difference of the magnetic field between the Point A and Point B is less than 5%. Hence, it can be assumed that the magnetic field generated by the copper coil is uniformly distributed in the gap between the inner iron core and outer iron core. Therefore, the structure of the PCS could make the superconductor tape in the gap subjected to the homogeneous magnetic field perpendicularly and make use of the magnetic field efficiently. Fig. 4 shows the curves of the voltage across the superconductor tape under different transport current, when different cycles of magnetic field is applied. The magnitude of the applied field is 100 mT and its frequency is 50 Hz.The blue dash curve represents the applied magnetic field in the gap, and the red solid curve represents the voltage of the superconductor tape. The absence of the ac component in the voltage curve indicates that induced voltage from copper coil has been minimized to nearly zero by the bifilar winding process proposed in the paper.
B. Response and Recovery Time of the PCS
During each cycle of the AC field, the voltage across the superconductor tape exhibits two peaks, regarded as the typical characteristic of the dynamic resistance. The phenomenon, explained in previous studies [20] , is due to net flux motion. The direction of the flux motion only depends on the direction of transport current, rather than the polarity of the AC field. Therefore, there will always be a dc voltage corresponding to a superconductor tape carrying a direct current in a certain direction under the ac applied field.
As shown in Fig. 4(a) and (b), the voltage across the tape returns to zero under the 26 A transport current during each cycle of the applied field; whereas, the voltage does not return to zero under the 83 A transport current, which is close to the critical current of the tape. That means the voltage across the superconductor tape contains flux flow voltage in addition to the dynamic voltage. Regardless of the split between the dynamic voltage or the flux flow voltage in the total voltage across the PCS, we just care the value of total voltage across the PCS.
Response and recovery speed of the PCS to the applied magnetic field is very important for its application in energy storage or charging the magnets. In comparison to Fig. 4(a) and (b) , it can be observed the voltage across the PCS appears almost as soon as the magnetic field is applied.
After 40 continuous cycles of applied field was removed, it just takes several milliseconds for the voltage across the tape to recover to zero even under the transport current approaching the critical current of the superconductor tape, as shown in Fig. 4(c) . Hence, the testing result shows that the PCS has an impressive performance in response to and recovering from the applied field. In comparison, the switching process of the thermally controlled PCSs through heating the superconductor above its critical temperature usually lasts several seconds at least, which is too long for the magnets needing fast switches [8] .
C. Influence of the Field Magnitude and Frequency
To control the PCS effectively, several factors that can influence the performance of the PCS are investigated as well.
The first one to be considered is the magnitude of the applied field. Fig. 5 shows the I-V curve of the PCS under different field magnitudes. The voltage of the PCS increases with the transport current and the magnitude of the applied field. However, the relation between the voltage and the field magnitude is not proportional, as the model of dynamic resistance describes. This can be explained as follows. The superconductor tape wound in the PCS has been soldered in the bifilar manner. That means two layers of superconductor tapes overlap in the applied field. The inner layer has some shielding effect on the outer layer. Therefore, the magnitude of the magnetic field applied to the inner layer and the outer layer is not the same. Hence, the total voltage across inner tape is not proportional to the field magnitude. But it could still be concluded that the voltage across the PCS is positively related to the field magnitude under the same transport current.
The frequency of the field can also impact the performance of the PCS. Fig. 6 shows the PCS voltage response to different frequency of applied magnetic field under the transport current. It can be observed that the response voltage is positively related to the frequency, but not proportionally. It seems to contradict 1. However, 1 actually applies to long direct superconductor slab. In the PCS system, the superconductor wound the iron core maybe equivalent to a superconductor coil, because the shielding current of each turn of superconductor may impact the turns next to it. [21] , [22] both verified that the relation between the dynamic resistance of superconductor coil and the frequency of applied field is not proportional. Further explanation for the phenomenon will be investigated in the future.
D. Discussion
Above tests have shown that the PCS proposed in the paper has high response speed and short recovery time, which makes it ideal for a system requiring fast persistent current switch, such as flux pump or the energy storage system [23] , [24] . The resistance of the PCS can be controlled by applying different magnitude of magnetic field or changing the frequency of the magnetic field. Hence, it is very flexible to control its performance. The structure of the PCS makes it possible to utilize long superconductor tape, which could, potentially, make the resistance even much larger. The PCS can also serve as a superconductive fault current limiter potentially, if the superconductor tape is long enough and the applied magnetic field is large enough. The homogeneous field generated by the structure can speed up the quench process and ensure uniform quenching, which can present large resistance to limit the fault current in the power grid. The whole process is much faster than the current superconductive fault current limiter started only by the fault current.
IV. CONCLUSION
In this paper, we have proposed a novel persistent current switch controlled by the alternating magnetic field. Based on the dynamic resistance or the flux flow resistance, the PCS combines the positive characteristic of previous PCS, such as presenting relatively large resistance, high respond speed and short recovery time. The resistance of the PCS can be controlled by modifying the frequency or the magnitude of the applied field. And the impedance field dependence is stronger than the frequency dependence. Hence, the novel PCS proposed in the paper will be an ideal choice for the system requiring fast persistent current switch or flexible resistance. In addition, the structure of the PCS also has the potential for developing active fault current limiter [25] , [26] , because the design can achieve rapid generation of a large-area uniform magnetic field zone perpendicular to the superconductor tape.
